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Abstract 21 
Objective: To review the efficacy of functional electrical stimulation (FES) used for foot drop in people with multiple sclerosis 22 
(pwMS) on gait speed in short and long walking performance tests.  23 
Data sources: Five databases (Cochrane Library, CINAHL, Embase, MEDLINE, Pubmed) and reference lists were searched. 24 
Study selection: Studies of both observational and experimental design where gait speed data in pwMS could be extracted were 25 
included.  26 
Data extraction: Data were independently extracted and recorded. Methodological quality was assessed using the Effective Public 27 
Health Practice Project (EPHPP) tool. 28 
Data synthesis: Nineteen studies (described in 20 articles) recruiting 490 pwMS were identified and rated moderate or weak, with 29 
none gaining a strong rating. All studies rated weak for blinding. Initial and ongoing orthotic and therapeutic effects were assessed 30 
with regards to the impact of FES on gait speed in short and long walking tests. Meta-analyses of the short walk tests revealed a 31 
 significant initial orthotic effect (t = 2.14, p = 0.016) with a mean increase in gait speed of 0.05 meters per second (m/s) and 32 
ongoing orthotic effect (t = 2.81, p = 0.003) with a mean increase of 0.08m/s. There were no initial or ongoing effect on gait speed 33 
in long walk tests and no therapeutic effect on gait speed in either short or long walk tests. 34 
Conclusions: FES used for foot drop has a positive initial and ongoing effect on gait speed in short walking tests. Further fully-35 
powered randomized controlled trials comparing FES with alternative treatments are required.  36 
 37 
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Abbreviations: 40 
AFO Ankle Foot Orthosis 41 
EPHPP Effective Public Health Practice Project 42 
FES Functional Electrical Stimulation 43 
m/s meters per second 44 
MS Multiple Sclerosis 45 
NICE National Institute for Health and Care Excellence 46 
ODFS Odstock Dropped Foot stimulator 47 
 pwMS people with Multiple Sclerosis 48 
RCT Randomized Controlled trial 49 
UK United Kingdom 50 
USA United States of America 51 
10MWT 10 meter walk test 52 
6MWT 6 meter walkway test 53 
25ftWT 25 foot walk test 54 
2minWT 2 minute walk test 55 
3minWT 3 minute walk test 56 
4minWT 4 minute walk test  57 
5minSSWS 5 minute self selected walk speed   58 
6minWT 6 minute walk test 59 
 60 
 61 
 62 
 63 
 Introduction 64 
Multiple Sclerosis (MS), a chronic autoimmune demyelinating central nervous system disease, is the leading cause of disability in 65 
young adults in Western Europe and North America1-4. In 2010, there were an estimated 130,000 cases of MS in the UK, with an 66 
incidence of 11.52 per 100,000 in women and 4.84 per 100,000 in men4.  67 
MS is a progressive disease with accumulation of irreversible neurological deficits, and is characterised by visual, brainstem, 68 
cerebellar, cognitive, motor and sensory symptoms1, 2. Ambulatory impairment is the main contributor to disability within the first 10 69 
years5 with around 75% of people with MS reporting limitations in walking6. Timed walking tests provide a quantitative measure of 70 
walking performance, which have demonstrated good reliability in pwMS7 and are strongly associated with self-reported walking 71 
ability6. Habitual walking performance, described as the number of steps taken in an individual’s own environment (accelerometry) 72 
is predicted by gait speed as measured by a range of walking speed performance tests, making it a valid outcome in interventional 73 
studies8. Walking capacity tests encompass measures of both short (e.g. 10 meter walk test (10MWT)) and longer (e.g. 6 minute 74 
walk test (6minWT)) timed measures of walking9. Short and long walking tests have been found to indicate distinct aspects of 75 
walking. Short walk tests are accurate descriptors of walking capacity and longer walking tests are recommended in interventional 76 
studies9.  77 
The inability to maintain active ankle dorsiflexion during the swing phase of the gait cycle results in foot drop, impacting on the 78 
energy cost and speed of walking6, instability and falls10. FES is an assistive technology used for foot drop in MS and other 79 
 neurological conditions. FES was initially developed for use during gait in 1960 by Liberson et al.11 who demonstrated immediate 80 
benefits on walking in hemiplegic patients. Previous studies have reported effects of FES on gait in people with MS (pwMS) with 81 
reference to walking speed and energy cost12,13. The effects of FES are commonly described in terms of orthotic effects and 82 
therapeutic effects.  An orthotic effect, most frequently reported, refers to the difference in performance between walking with and 83 
without FES. An initial orthotic effect is the immediate change seen with FES on the first day of its use12. An ongoing orthotic effect 84 
is the change in walking with and without FES at a follow up point following a period of regular use12. The therapeutic effect 85 
describes the impact of regular use of FES on walking performance over time and is the difference in walking performance without 86 
FES prior to application compared to a follow up assessment without the device12.  87 
There are a number of commercially available FES devices for clinical application. They all apply electrical stimulation to the 88 
common peroneal nerve, activating ankle dorsiflexion during the swing phase of gait and assisting foot clearance. Stimulation is 89 
synchronised with the gait cycle using a variety of mechanisms employed by the devices including tilt sensors, heel switches, and 90 
wired and wireless technology. Stimulation can be applied externally via surface electrodes or internally via implantable electrodes. 91 
Recent research suggests that implantable devices are as effective as surface stimulation alternatives for pwMS13, although there 92 
are additional risks such as device failure and neuropraxia13.      93 
A recent narrative review14 described the impact of FES in MS on the speed, kinematic profile and energy cost of walking and with 94 
regards to patient satisfaction and perceived benefits of FES. The review found FES to have beneficial orthotic and training effects 95 
 on measures of gait, however not all improvements were statistically or clinically significant. Although the majority of patient 96 
reported data demonstrated positive benefits with FES, there was often no correlation with objective measures of gait. The authors 97 
highlighted areas for further research including comparisons with usual care, e.g. an Ankle-Foot Orthosis (AFO), in addition to 98 
measuring longer term effects and identifying predictors of FES response. A previous systematic review in chronic stroke found 99 
orthotic effects of FES on the speed and physiological cost of walking15. One review undertaking meta-analysis noted significant 100 
orthotic effect on the 10mWT16 and another noted a therapeutic effect on the 6minWT17 using FES for foot drop in stroke. There are 101 
clear differences however between stroke and MS, an autoimmune neurodegenerative disease, with regards to their pathology and 102 
demographic profile that may impact on the effectiveness of FES. There is a growing body of evidence for FES for foot drop in MS, 103 
therefore there is a need for a systematic review to explore the efficacy of the intervention. Thus, the aim was to systematically 104 
review the evidence to date for the orthotic and therapeutic effects of surface and implantable FES used for foot drop in pwMS, with 105 
regards to its impact on gait speed in both short and long walking performance tests.   106 
 107 
Materials and methods 108 
A literature search was conducted on 27th September 2016 by two authors (AS, RH) using a protocol developed a priori.  109 
 Due to the limited number of known controlled trials in this field of study the review was purposefully inclusive, including empirical 110 
research and studies of both observational and experimental design evaluating FES as an intervention. Opinion pieces, narrative 111 
reviews, conference and poster abstracts, and studies not in the English language were excluded. No restrictions were place on 112 
publication date.  113 
Studies on adult participants (>18 years) with a diagnosis of MS were included. Studies investigating a mixed neurological sample 114 
were included where data for pwMS could be extracted separately.  115 
Studies included all types of FES devices for foot drop. Studies investigating other interventions in addition to FES were included 116 
where the other intervention was a comparator group. Studies reporting on device development were excluded.  117 
To be eligible for inclusion studies had to report on a minimum of one measure of gait speed using either short or long walking tests 118 
with and without the device, at a minimum of one time point. Gait speed is described in meters per second (m/s) and measured by 119 
walking over a short distance (e.g.10 meters, 25 feet) or a longer distance (e.g. 2 or 6 Minute Walk) 120 
Search strategy 121 
The following databases were searched: CINAHL via EBSCO, Embase and Medline via OVID, the Cochrane library and PubMed 122 
that included in-process citations. Individual search strategies were conducted in each database using the key search terms, 123 
 Medical Subject Headings and Boolean operators shown in Table 1 and applying the previously agreed eligibility criteria. A hand 124 
search of the reference lists of relevant articles was undertaken.  125 
The search results were exported from the individual database to a specialised referencing software package (REFWORKS) and 126 
duplicates were removed.  Articles were screened by title (AS) and the abstracts were reviewed by two authors (AS, RH). In the 127 
case of disagreement over inclusion at abstract review stage, consensus was reached by consulting a third reviewer (LR). The full 128 
text of articles that met inclusion/exclusion criteria were read and assessed for eligibility.  129 
[Insert table 1 here] 130 
Quality assessment 131 
There is no ‘gold standard' critical appraisal tool recommended in rehabilitation research, however  a systematic review of available 132 
critical appraisal tools recommends tools should be selected based on the purpose of the review18. The Effective Public Health 133 
Practice Project (EPHPP) tool19 was selected following consideration of the research question and recommendations from previous 134 
systematic reviews20, 21. The EPHPP tool provides a checklist with a summary score that allows for inclusion of a range of different 135 
study designs within the review. The EPHPP tool has demonstrated good reliability and validity20.  136 
The articles for review were initially identified as either observational or experimental in design using the Scottish Intercollegiate 137 
Guidelines Network algorithm for study design (Figure 1). A pilot quality check was undertaken on one article by all 4 assessors 138 
 (LR, LP, AS, RH) to ensure consistency.  Subsequently 2 reviewers reviewed each article and where there were discrepancies an 139 
agreement was reached via discussion.  140 
Data extraction and analysis 141 
One reviewer (LR) extracted data from the articles on participants (e.g. age, gender, MS type), methods (e.g. study design) 142 
interventions (FES type, description of control intervention) and outcomes (e.g. assessment time points and outcome measures) 143 
and results using an a priori developed data extraction form. A second reviewer (AS) checked the data extracted. Authors were 144 
contacted where further clarification was required around data.    145 
Data, where available, were subjected to meta-analysis as per Everitt22. Data from all 3 short walking tests (10MWT, 25 foot walk 146 
test (25ftWT), 6 meter walkway test (6MWT)) were combined and presented as the primary outcome measure. Data from all the 147 
longer walking tests (2 minute walk test (2minWT), 3 minute walk test (3minWT), 4 minute walk test (4minWT), 6minWT, 5 minute 148 
self-selected walk test (5minSSWS)) were combined and presented as the secondary outcome measure. Justification for combining 149 
data from the longer walking tests was based on previous evidence that noted a strong association between the 2minWT and 150 
6minWT in pwMS23. Initial and continued orthotic and therapeutic effects of FES were analysed. Given the differences in protocol 151 
timings in each study included in the meta-analysis calculations and the lack of randomness, a heuristic approach was taken as no 152 
Odds Ratios were reported. This approach has been previously used in other clinical areas24. All calculations are from baseline 153 
 data given the differences in times between study protocols and, where only sample size, means and standard deviations were 154 
reported, 95% confidence intervals were estimated with the assumption of approximate Normal distributions. The estimates of the 155 
95% confidence intervals of the mean of each outcome variable from each paper and for the pooled samples are presented. For 156 
ongoing orthotic and therapeutic effects, data from studies reporting on the time frame ranging from 2-20 weeks were included for 157 
analysis. There is currently no evidence to suggest when a therapeutic effect may occur following FES application, therefore a 158 
pragmatic approach was taken that combined the minimum and median time frames reported in the papers selected for review.    159 
Results 160 
Literature search 161 
The electronic literature search yielded a total of 125 articles, 8 from CINAHL, 67 from MEDLINE (OVID and EBSO), 29 from 162 
Embase, 7 from Cochrane Library and 14 from PubMed databases.  A hand search of reference lists yielded an additional 11 163 
articles. Once duplicates were removed this yielded 90 articles for screening. The remaining 23 full text articles were reviewed (AS, 164 
RH) and a further 3 were excluded. The remaining 20 articles, reporting on 19 studies involving 490 pwMS met the inclusion criteria 165 
and were included in the quality review and meta-analysis. Results are presented in the PRISMA flowchart (Figure 2).    166 
Study and participant characteristics 167 
 The characteristics of the studies and subjects are presented in Table 2. Eleven articles in the review used experimental designs, 168 
including 1 randomized controlled trial (RCT)25, 1 randomized crossover trial26 and 8 non RCTs generating data in 9 articles27-35. 169 
Nine articles presented data from 8 observational studies, including 1 case control36 and 8 interrupted time series 170 
designs12,13,37,38,40-42. All studies recruited participants from hospitals or MS clinics and most recruited pwMS only13, 25-29, 31-40,42. 171 
Three studies recruited participants with different neurological diagnoses, where MS data could be extracted separately12,30,41. The 172 
20 articles recruited a total of 447 participants. Sample numbers in the majority of studies were generally small and ranged from 242 173 
to 3913, however one retrospective observational study presented data from 153 participants40. Most studies reported either a mix 174 
of MS type or did not report MS type. Two studies recruited participants with secondary progressive MS only25, 26. There were 175 
similarities in the age, sex, time since diagnosis and disability level of the participants recruited across the studies. The mean age 176 
of participants ranged from 46.513 to 5635 years and time since diagnoses ranged from 8.635 up to 17.725 years. Between 25 to 77 % 177 
of participants recruited in the studies were female. Disability was only reported in 6 studies and ranged from Extended Disability 178 
Status Score 3.532 to 5.926 . Walking aid use was frequently reported throughout the studies, indicating that participants had 179 
significant walking impairment.  180 
The detail given about inclusion and exclusion criteria varied. Some observational studies reported minimal detail12,31,37,41,42 other 181 
than the inclusion of MS participants deemed suitable for FES while others12,25,28,30,37,41 did not indicate whether participants had 182 
used FES prior to inclusion. Some studies recruited pwMS already using FES13,29,31,36,38,39,42 while others indicated previous FES 183 
 use as an exclusion26,27,34. Some studies excluded potential participants unable to walk a minimum of 10 meters27, 29, 30, whereas 184 
others included only those able to walk longer distances, up to 6 minutes33,36,38,39,41. Only 4 studies reported exclusion of potential 185 
participants with unstable disease or recent relapse27,33,38,39. Most studies gave no indication of exclusions related to medication. 186 
Only 1 study excluded participants taking medication for fatigue or mobility33; however another27 actively recruited participants on a 187 
stable dose of fampridine, a drug licensed for treating walking impairment in MS.          188 
Interventions 189 
Almost half of the studies investigated the single channel Odstock Dropped Foot Stimulator® (ODFS)a 25,28,29,31,32,35,36,39. Four 190 
articles included data from dual channel ODFS (for bilateral foot drop or foot drop plus gluteal stimulation) in addition to single 191 
channel ODFS12,26,37,40. Three studies evaluated the Walkaide® systemb 27,30,34, one study compared the ODFS with Walkaide® 38 192 
and one study investigated the impact of the Ness L300® devicec 33.  Two studies evaluated implantable FES, one study with the 193 
STIMuSTEPa 13 and another with ActiGait®d 42. The only RCT 25 compared single channel ODFS with an exercise programme. A 194 
randomized crossover trial13 compared single channel ODFS followed by dual channel ODFS (anterior tibialis and guteal 195 
stimulation) with weekly physiotherapy.  A non-randomized controlled trial compared single channel ODFS with an AFO29.   196 
[Insert Table 2 here] 197 
Outcome measures and effects  198 
 Details of the outcome measures used in each of the studies are presented in Table 3. All articles presented data on outcome 199 
measures that assessed gait speed. Seventeen studies measured gait speed over short distances, with most tests indicating 200 
participants walked at a fast pace. The majority of studies used the 10 metre Walk Test (10MWT)12,13,25,27,28-30,32,37,40,41,42 however 3 201 
studies presented data on the 25 foot Walk Test (25ftWT)27,34,35 and two studies reported gait speed over a 6 metre walkway 202 
(6MWT)31,33 as part of 3D gait analysis.  203 
Walking speed over longer distances was less frequently reported. The range of walking tests used include: 6minWT27,28, 204 
5minSSWS36,38,39, 4minWT30, 3minWT13,25 and 2minWT32. Data from the 6minWT and 3minWT are reported as the total distance 205 
walked in the specified time, which was converted to walking speed for the purpose of analysis. All other tests are reported in m/s. 206 
Some articles reported on other aspects of gait, which are described in Table 2, however any further analyses on these measures 207 
are out of the scope of this review and will not be discussed further.   208 
With regards to the short walking tests, all except 2 of the articles29,35 measuring this outcome reported on the initial orthotic effect 209 
of FES. Nine studies reported a statistically significant increase in walking speed following initial application of FES, with effects 210 
ranging from 5 to 18.3%12,26,28,30-32,34,40,41. In contrast, 4 studies found no difference with FES25,27,33,37 and 2 small studies 211 
investigating 242 and 529 participants reported mixed results.  212 
 Thirteen articles reported on ongoing orthotic effects12,13,25,26,29,30,32,33,35,37,40-42 from 4 weeks 29,35 up to a mean of 10.8 years12 post 213 
application. All of the studies except 233,35 evaluating ongoing orthotic effects reported a statistically significant increase in walking 214 
speed.  215 
The therapeutic effect of FES on gait in short walking performance tests was reported in 11 articles12,13,25,26,30,32,33,37,40-42 at a 216 
number of time points from 6 weeks25 to a mean of 10.8 years12 of FES application. One study reported a statistically significant 217 
therapeutic effect at 12 weeks30. The majority of articles found no therapeutic effect with small or no improvements in walking 218 
speed25,26,32,33,37,40. Four of the studies noted a reduction in unassisted walking speed at 1242 and 18 weeks41, and this was  219 
significant in 2 studies at 313 and a mean of 5.1 years12.  220 
Effects of FES on gait in long walking performance tests were reported less frequently. There were mixed results with reports of 221 
initial positive orthotic effects in the 2minWT28,32, 3minWT41and 4minWT31 but not the 6minWT27,28. Positive ongoing orthotic effects 222 
were found from 6 weeks to 11 months13,25,30,32,42. Two studies reported in 3 articles36,38,39 used the same protocol for the 223 
5minSSWS and evaluated the impact of FES on established users of more than 6 months. Both studies noted significant ongoing 224 
orthotic effects, except in participants already walking at baseline speeds of >0.8m/s39.  225 
The therapeutic effect of FES on longer walking tests was investigated in only 5 studies. There were mixed results with positive 226 
effects being noted at 12 weeks30,32 and 11 months30, but not at 1242 and 18 weeks13,25.    227 
 [Insert Table 3 here] 228 
Methodological quality 229 
The methodological quality of the studies is detailed in Table 4. The global rating for methodological quality was moderate for 12 230 
articles12,13,25,26,28,30, 32,34,35,37,40,41 while the remaining 8 articles received a global rating of weak27,29,31,33-36,42. None of the 20 articles 231 
gained an overall strong rating largely due to difficulty blinding participants and assessors with FES. All of the studies scored weak 232 
on blinding thus indicating performance and detection bias. Twelve articles rated strong for data collection methods12,13,25,26,28-233 
30,32,34,36,37,40. One study rated strong for selection bias25, one study rated weak29 and all the others rated moderate. Study design 234 
was rated moderate for all of the studies excluding 2 that were rated weak 29,42. For fifteen articles the confounders variable was not 235 
applicable12,13,28-3,40,42 as there were no comparator control groups.  236 
[Insert Table 4 here] 237 
Analysis of overall effect 238 
Eleven studies recruiting 353 participants were included in the meta-analysis for the initial orthotic effect of FES on gait speed for 239 
short walking speed tests (Table 5). Eight articles with a total of 255 participants were included for meta-analysis of ongoing orthotic 240 
effects (Table 5). Meta-analyses revealed evidence of a significant initial (t = 2.14, p = 0.016) and ongoing orthotic effect of up to 20 241 
weeks (t = 2.81, p = 0.003) using FES for foot drop on gait speed in short walking performance tests in pwMS. Walking speed 242 
 increased by 0.05 meters per second (m/s) (7.1%) for the initial orthotic effect and 0.08m/s (11.3%) and for the ongoing orthotic 243 
effect.  244 
Six studies recruiting 244 participants were included in the meta-analysis for the therapeutic effect of FES on gait speed (Table 5). 245 
Analyses of the pooled data found no change in gait speed in the short walking performance tests and thus no therapeutic effect 246 
(t=0.03, p=0.487) with FES.    247 
Five studies recruiting 89 participants were included in the meta-analysis for the initial orthotic effect on gait speed in long walking 248 
performance tests (Table 6). Eighty one participants were included for analyses of the ongoing orthotic effect of FES. There was a 249 
small non-significant increase in walking speed of 0.02m/s (3.3%) for the initial orthotic (t=0.57, p=0.286) and a small non-250 
significant increase of 0.04m/s (6.2%) for ongoing continued orthotic effect (of up to 20 weeks) (t=0.94, p=0.174) with FES (Table 251 
6).  252 
Only 3 studies recruiting 61 participants included data that was used to evaluate the therapeutic effect (up to 20 weeks) of FES on 253 
gait speed in long walking performance tests. There was a 10.3% increase in walking speed noted, however this was non-254 
significant (t=1.34, p=0.091) (table 6).    255 
[Insert Tables 5 &6 here] 256 
Discussion 257 
 This systematic review aimed to appraise the efficacy of FES for foot drop in pwMS on gait speed in short and long walking 258 
performance tests. A systematic and inclusive approach was undertaken for  study selection, with independent assessment of 259 
quality and data extraction. In this review of 20 articles (19 studies) analysis of pooled data found a statistically significant initial 260 
(t=2.14, p=0.016) and ongoing (t=2.81, p=0.003) orthotic effect of FES on gait speed in short walking performance tests, increasing 261 
gait speed by 0.05 and 0.08m/s, respectively. No  therapeutic effect  was found. A change of 0.05m/s in walking speed is 262 
considered to be clinically significant, with a change of 0.1m/s indicating a substantial clinical change43. Therefore this review 263 
identified effects of FES on walking that are meaningful to pwMS. FES produced small non-significant initial and ongoing orthotic 264 
and therapeutic effects on gait speed in long walking performance tests.  265 
Contradictory results however were found across the studies. The majority of studies reported statistically significant ongoing 266 
orthotic effects for the short walk tests, however 2 studies did not. One of these studies recruited participants with lower disability 267 
scores33. Both studies recruited participants with baseline walking speeds of >0.8m/s (1.2m/s33 and 0.83m/s35). Miller et al.39 had 268 
previously found FES to have no orthotic effect in pwMS walking at gait speeds of >0.8m/s. These results therefore shed some 269 
doubt on the use of FES in pwMS with lower levels of disability and faster baseline walking speeds. Further investigation of FES in 270 
pwMS walking at faster gait speeds is required.  271 
The majority of the studies evaluating therapeutic effects of FES on short walking tests reported no significant difference, however 272 
3 studies reported a negative therapeutic effect13,26,42. One of these studies recruited participants with secondary progressive MS, 273 
 where deterioration in walking speed is expected over time. The other 2 articles investigated implantable FES. Hausmann et al.42, a 274 
study of only 2 participants, reported a negative therapeutic effect in 1 participant. Taylor et al.13 reported therapeutic effects over a 275 
longer time frame (3 years) and although there was no detail given regarding MS type of recruited participants, the time since 276 
diagnosis ( mean of 17.3 years ) is indicative of participants presenting with secondary progressive MS. The results from these 277 
studies suggest that the potential therapeutic effect of FES may be limited in progressive MS patients, however further investigation 278 
is warranted.  279 
The National Institute for Health and Care Excellence (NICE) guidelines for FES for foot drop of central neurological origin44 found 280 
evidence to support the use of FES, however studies included in the NICE review were undertaken  in stroke and not  MS. There 281 
has not been a systematic review specifically evaluating FES in MS although a recent narrative synthesis found positive orthotic, 282 
but not therapeutic effects of FES on walking performance. This review recommended that FES be used to complement treatments 283 
for walking limitation in MS and had potential to optimize functional outcomes14. The results from this systematic review supports 284 
and further strengthens the recommendations of the NICE guidelines and the previous narrative review, by adding further evidence 285 
in terms of the positive impact of FES in MS.  286 
There have been 3 previous reviews of FES in stroke. A narrative synthesis14  reported positive orthotic effects of FES on gait 287 
speed in chronic stroke, although there was less conclusive evidence of a therapeutic effect. Kottink et al.16 reviewed 8 studies and 288 
reported an increase in gait speed of 0.13 m/s (0.07–0.2, 38%) with FES, that is larger than found in this  review for short walk tests 289 
 ( 0.08m/s (-0.01-0.1, 11%)). Pereira et al.17 reviewed 7 RCTs and found a small but significant therapeutic effect with FES (0.379 290 
m/s ± 0.152; 95% CI, 0.081 to 0.677; P = .013) in the 6minWT in chronic stroke. This increase again is more than that found in the 291 
current review for short walk tests (0m/s (-0.06-0.1, no change)); however it may be  that potential therapeutic effects of FES may 292 
be limited by the neurodegenerative nature of MS in comparison to a more acute condition such as stroke and this requires further 293 
investigation.    294 
Participants in the studies reviewed had mean Extended Disability Status Scores ranging from 3.5 (moderate disability in one 295 
functional system and more than minimal disability in several others, no impairment to walking) to 6 (requires a walking aid (cane, 296 
crutch, etc) to walk about 100 meters with or without resting). This sample is representative of pwMS with walking limitations for 297 
whom we would expect a benefit from FES application. Participants in the lower Extended Disability Status Score range (3.5) who 298 
have less obvious walking difficulties however may present with fatigable foot drop. Decreased ankle dorsiflexion at initial contact 299 
has been found to worsen with fatigue45 in pwMS. None of the studies in this review explicitly reported on recruitment of 300 
participants presenting with fatigable foot drop. There is limited evidence that FES may not be beneficial for pwMS with less 301 
disability, walking at faster speeds39   however further investigation is warranted. .    302 
The majority of the articles did not report on MS type which may limit the external validity of the findings of this review, however 2 303 
studies specifically recruited people with secondary progressive MS12, 25. The time since diagnosis was reported in all but 4 of the 304 
articles and ranged between 9.79 to 17.7 years, which may be more indicative of secondary progressive MS.  305 
 Most studies reviewed give little detail around the inclusion and exclusion criteria used and where detail was given there was no 306 
consistent approach taken. The use of medications and the effect of relapse and progression of disease may influence outcomes 307 
and response to FES therefore the failure of most studies to report these variables may call the validity of results of the studies into 308 
question. 309 
There were only two randomized study designs in this review, indicating a high probability of selection bias and poor internal 310 
validity. All studies scored weak for blinding signifying performance and detection bias to be significant factors. It is impossible to 311 
blind physical treatments such as FES to participants and it is extremely difficult to blind assessors. There were no attempts to 312 
separate FES application and outcome assessment in any of the studies, suggesting performance bias. The EPHPP tool considers 313 
both blinding and confounders in its scrutiny therefore both factors impact on the overall quality ratings.    314 
Limitations 315 
The primary limitation of this review was the low methodological quality of the studies included. The conclusions of this review must 316 
therefore be treated with some caution until further high quality RCTs are undertaken. Although the EPHPP quality assessment tool 317 
has demonstrated acceptable levels of test re-test reliability and content and construct validity19, it was developed to evaluate 318 
public health nursing and therefore may not have been the most appropriate tool for this review.  Selection of this tool however was 319 
 based on the recommendations of previous systematic reviews19,20 and supports an inclusive approach which allowed the same 320 
checklist and summary score to be used across all the studies.  321 
This review was limited by the inclusion of English language papers and did not include unpublished studies or studies published in 322 
grey literature which may limit its applicability. There remains a debate around publication bias and the usefulness of including 323 
unpublished trials46, however it is likely that any unpublished studies would be of poor quality and lack robust peer review 46,47.   324 
For the purpose of the meta-analyses data from a range of short and longer walking tests were combined. Although there is 325 
evidence to support the comparability of the longer walking tests23, there are also differences in the pace of the walking tests used  326 
which may have influenced the  results. A recent MS outcome measures taskforce document has also suggested that the 2minWT 327 
should not be used in research due to the limited availability of psychometric data48.  328 
A pragmatic approach was taken which combined data across a range of assessment points (up to 20 weeks) in order to inform 329 
continued orthotic and therapeutic effects. There is no evidence to suggest when optimal orthotic or therapeutic effects are likely to 330 
occur and whether they remain stable over time. Using this approach therefore may have led to ambiguity with the results.    331 
Fewer participants were included in the meta-analyses for the ongoing orthotic (n=81) and therapeutic (n=61) effects of FES on gait 332 
speed on long walking performance tests, therefore there are limitations with regards to the strength of these findings. As no raw 333 
 data was available within group analysis was not viable and the between group analysis may not have detected subtle effects that 334 
may have occurred.   335 
 FES is considered a device that should be used long term for orthotic purposes and in a progressive condition like MS this may 336 
account for many years. Despite this, only one interventional study26 reported on effects beyond 24 weeks, therefore the results of 337 
this review are only applicable over the short to moderate term.   338 
 Implications for further research 339 
Given the low methodology quality of the studies reviewed, future research should focus on adequately powered randomized trial 340 
design with a control or comparator treatment arm, such as exercise or AFO. Improved consistency in reporting of methodology, as 341 
recommended by the CONSORT guidelines49 is also recommended. Consistent reporting of demographics  including MS type, 342 
disability level and baseline walking speed would allow for sub-group analysis. Future studies should include long term follow up 343 
and investigate initial and ongoing orthotic and therapeutic effects of FES in order to understand its full potential as a treatment for 344 
foot drop in MS.      345 
This current review found a wide variation in the walking tests used between studies both in terms of distance, pace (fastest and 346 
preferred) and methods of collection (mean of three, warm up then final test). Researchers should agree on the most valid, reliable 347 
and clinically significant measures of gait speed using short and long walking performance tests to allow a more consistent 348 
 approach in future FES research. This review is limited to the impact of FES on gait speed in short and long walking performance 349 
tests. Some of the articles reported measures of patient experience and quality of life and future studies should consider a mixed 350 
methodological approach as recommended by the NICE guidelines 44.   351 
Conclusion 352 
This review found evidence of initial and ongoing orthotic effects of FES for foot drop in MS on gait speed in short walking tests 353 
which were clinically meaningful, but did not find evidence of orthotic or therapeutic effects of FES on long walking tests. However 354 
due to the poor methodological quality of studies undertaken to date, caution must be applied in making recommendations to 355 
clinical practice. There is limited evidence of the comparative effectiveness of FES with other treatments. Future research should 356 
focus on adequately powered randomized trial design with a control or comparator treatment arm, using valid and reliable 357 
measures of gait speed that can detect clinically meaningful effects.  358 
 359 
Suppliers 360 
a. Odstock Medical Limited, Salisbury, UK 361 
b. Innovative Neurotronics Inc., Austin, TX, USA 362 
c. Bioness Inc., Valencia, CA, USA 363 
 d. Otto Bock Health Care, Duderstadt, Germany 364 
 365 
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Figure and table legends 461 
 462 
Table1: Search strategy for databases 463 
Table 2: Summary of study design, sample information, outcome measures, assessment points and potential sources of 464 
bias of selected studies.  (key: N=numbers of participants, NR=not reported, pwMS=people with MS, SPMS=secondary 465 
progressive MS, PP=primary progressive, RR=relapsing remitting, DF=dorsiflexion, PF=plantarflexion, EDSS=Extended Disability 466 
Status Scale, HAI=Hauser Ambulation index, L/L=lower limb, HSP=Hereditary Spastic Paraplegia, FAP=Functional Ambulation 467 
Profile, MSWS-12=Multiple Sclerosis Walking Scale-12, MSIS-29=Multiple Sclerosis Impact Scale-29, PIADS=Psychological 468 
Impact of Assistive Device Scale,SF-36= short form-36, FWC=Functional Walking Category, PCI=Physiological Cost Index, 469 
ROGA=Rivermead Observational Gait Analysis, s=seconds, m=meters, ft=feet, wks=weeks, min=minute, mths=months, 470 
meds=medications)   471 
 Table 3: Summary of outcome measures used, effects measured (initial, ongoing and therapeutic) and results for gait 472 
speed in short walking performance tests (10 meter walk test (10MWT), 25 foot walk test (25ftWT), 6 meter walk test 473 
(6MWT)) and long walking performance tests (6 minute walk test (6minWT), 5 minute self-selected walking speed 474 
(5minSSWS), 4 minute walk test (4minWT), 3 minute walk test (3minWT) and 2 minute walk test (2minWT)). (Key: ↑ increase, 475 
↓decrease, sig=statistically significant, º=not statistically significant, NR=not reported, m=meters, s=seconds, m/s=meters per 476 
second, wks=weeks, mths=months). 477 
Table 4: Methodological quality assessment using the Effective Public Health Practice Project (EPHPP) tool 478 
Table 5: Initial and ongoing orthotic and therapeutic effects for combined short walking performance tests (*ft/s converted 479 
to m/s where required, + no FES OFF data reported)  480 
Table 6: Initial and ongoing orthotic and therapeutic effects for combined long walking performance tests 481 
Figure 1: SIGN algorithm for classifying study design 482 
Figure 2: PRISMA flowchart demonstrating identification process for systematic review 483 
 484 
